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THEORY OF POLARIZATION OF IONIC CRYSTALS

v, 1. Odele*_la_kj.y

The present work shows that 1) for alkali halide crystals the classical theory of
polarization of ionig crystals, based on the works of Lorentz and Born, ia insuffi-
cient, 2) the concept of over lapping of ele(.tron shells in ionic crystals which was
put forvard by Pauling and Mott is subjected to criticism; 3) a scheme for the polar-
ization of ionic crystais vhich takes into account the deformation of electron shells
can be .developed; end 4) the theovetical representations developed agret closely witp
experimental data. .

Introduction

TPypical representatives of ionic crystals are alkali haiide ‘crystals, which oc-

. cupy a special position in the theory of solids, The siuwplicity of their highly sym-
neetrical cublic lattice end the elementary chaructex- of their electrostatip ionic bond
huve made thom a favorite subject of theoyeticul worlks, vhose authors have linked <to-
.(--u'u ;o directiy or indirectly three huuic chqru-.-'t;g-vl;:ti,'c:s of the Horilc crysf;'dl; ‘famély,
.5 .o dieleciriu p=rm;abllitj £ oy Femnih v o polurized ioiic oscilla~
+jons b)ol BT & rresponding vave 1 i )\; Coesiulie My

;
.: culates 2 cryutal's "-at -al frecierc-’ <o g tine rorauia
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‘beé_re q is the lon charge; v the volume asociated with the stoichiomeiric
'moleqlé‘; :8 o the square of the "optical® index of refraction extrapolated
L’c.,o zero .i‘xl'eque;'ncy; o, and m, the masses of cation and anion. In deriving '
his formula Born reg;gsented a diversity of pala.rized' fields by a static
‘i“ield and rapid oscillationg. At fregquencies close to and higher than the
natural frequencies of polqrized lattice oscillations the field polarizing +he

electrons is, according to Born,

(Bp)e = B — e )7

" where ﬂg is electron pola'xjg;_zg}bi;l.ity per unit volume; for the distortion

of an ion as a whole he assumes
(Bp);= B,
i.e.; equal to the averapge ‘xp?glrp_scopic_: field., At the same time for a static,
field and low-frequency osgillations Born keeps the Clausius-Mosottl formula
'J’( true, Born avoids using it; he practically reiutes the com'p:;rison between
dielectric permeabi]:ity and bulk modulus). .

In spite of johé almost un_;'.y'e;'sal inaccuracy of Born's polarizing field
theory, the caleulation by formu}g (1) of the difference €,— £, from
experimental values of ko' _(minim for the passage of "light") gives fair
agreement wits exper” zent for some halides (LiF, NaF, NaCl, _.KGl, KBr, KI);
but results are worse in the case of NaBr, RbCl, RbBr, Rol, where the
"nontond coefficient" lies in the interval 1,34~1,68, Beside:, it is inad-
missible in principle to s'ubstitute experimental data for formal proof in
evaluating a theory, when the chance for _conlqpeqsgtio‘n of systematic errors
or discovnted effects of signs is great, ¢

Frenkel! /72 7 derived the formula linkipg:dielectric permesbility with |
culk modulus (by weans of the const.a.nt. n —the ggclponant in the expression ‘

.

Forae ol oo on eey) dn tho form

N /4 — 47
Ry R “o'/gi = Bvin- °

' o - L
3 0o "2 . €. i
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whereﬂi js the ionic polarizalility per unit volume; k is ldadelung!s con-
stant; and y is the geometric structural cociiicient (MNagl type: ksl;'?hl;
and }/ =2; CsCl: k=176 andy =1.5k4).

For most alkall halide crys{,al_s the left part of expression (2) is
1,5-2 times less than the right part; for example, for NaCl ( -——-5,77,
€ 0 2,328, 4 =17.9) the left part yields the number 0,31 and the right |
yxeldls 0.52 (Note: 1In the calculations, here and below, E, is according
to Errer's most reliable data; for & , see [3_7 and for n see [1_7?
first column in the table on p 271). o .

Skanavi /4 ] calculated in different ways tne dielectric permeabllity

_ of alkali halide crystals, proceeding frowm various expressions for lattice
energy and polarizability of jons in solutions and usigg the [ormulae of
Lorentz and Mott for the polarizing field (10 variants in all).

First of all, it should be noted that the usé of the number dissolved
jons in calculations of polarizability of a crystal is inexpedient and calls
forth considerable doubt, It is known (see, for example, /1 7, p 298) that
iorJ;olarizability depends upon the ion's envirommant, Further, the use of
slater's values for n, calculated from the relations between compressibility
and pressure, is b;seless; for this is equivalent to a "furtner extrapolation"
of {he mmproximate functi;)n of repulsion energys; »stiil less usable are
Hildebrand's numbers for n and Born's for Io' Their use would be rele\(ant
only if the results of calculation were compared with the vqlueks éf dielect,ric'
permeability for T = 0,

The most natural method of calculation, with a direct comparisoh of the
quantities €4 3 g0 and E, by the me thed ofi.formula (2), was not carried
out 1A the works discussed. ‘ '

only lae application of Mott's quite arbitrary formula for polarized

rields nerwibbed the caleulatod and experimental values of £ to Le
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brought ‘into formal agreement, (Note: We cannot consider as satisfactory
Skavani's point of view, in which the discrepancy between calculated and .
experimental values of €. for X, Bb, Cs halides is founded to be 1.3-24
times that as calculated by Clausius-Mosotti.,) ‘

The foregoing deficiencies of other works permit the author to hope

that his present work, characterized by its refutation of the "point scheme"

of ionic polarization of crystals, will not be considered superfluous,
1. On the Deformation of Electron Shells

Wave mechanics represents a single atom (ion) as a nucleus surrounded
by an "electron cloud", whose average charge density over a period of time
differs from zero during am,; discharge from the nucleus, v

Two basic points of view ca.;abe formulated: a) at the approach of '
chemically inert (zero valent) atoms or ions, their electron shells overlap
(Pauling /5 7/, p 328; Mott and Gurney [’6_” and b) the electron shells
repel each other and are deformed but do not ovei-lap; in the transitional
zone a sharp minimum of charge density is observed,

Figure 1 demonstrates these two con.capt.s: it is assumed here that the
cation experiences prac"c.ically zero deformation in comparison with the
anion.

Figure 2 pictures the distribution of electron density in a NaCl crystal
which is constructed on thé basis of x-ra ?_a:ta (see Syrkin and Dyatkin
.[7_], p 375). A close study of this P;‘:‘:afa\zia‘;efutes the first point of
view to the advantage of the second; to begin with, there actually exist

in the conbact zoné regions "zero" (i.e., relatively exiremely suall) charge

density; furthor, but not less important, in the Cl-anion. The surface

Aron

corresponding to Lhe density /00,5-:.-0.5' glec 5 clearly has "buckling", which

are due . to tue action of electron shells of the neighboring cations. For
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the surface /0/,9 , more remote [rom the cation, this Luckling is also
noticeable, though naturally expressed less sharply.
It would certainly te incorrect to represent the electron shells of

neighboring ions as absolutelﬂr isolated, since there must exist between them

some kind of transitional zone. According to Frenkel! [87, it can be

treated as a zone of "collectivized electrons"; here howsver, we are talking

in contrast to metzls; about winerfoctive® collectivization characverized

by small electron density in the transitional zone and monotonic increase

of the repulsive Lorce with approach of ions.

Thus even with the adoption of the concept of collectivization, a scheme

of independeut electron shells, acting one on another like elastic bodies,
can be employed in the first approximation.
Let us consider the picture of the phienmasna which eccur when an ionic

crystal is polarized; let us superimpose this picture om elementary polyhedra

clei and assume to begin with that

the cations .re absolutely rigid.

As an example let us tuke the concrete case of coordimation number 6

(a crystal of the type Wacl, in \thich the elementary polybedron is represented
as a regular octahedron);
Let the ficld be directed along the maim axis of the crystal lattice.

let us take the anion nucleus as the immobile origim. ‘The displacement by

a distance & of the rigid cations of the sectors (Me-t)'g (Figure 3)
fmmediately creates an electrical momunt

Hoo=%E

simmltaneously the 1. rt cabion displaces o the right the electron shell of

. © +he.
the anion and be right cation in belng repelled from the anion center to a
’ I\

certain degree makes possible the nstraightening® of the corresponding seg=

went of the anionts electron shell, and this segment also is displaced to .

tie right in the direction or the‘field.

=5
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The displacement of the anion's clectron chells in the direcliom of
the field creates a mou;ent. opposite to the main moment /La‘. « 'Thus the
resulting moment of tie clementary polyhedron, when an ionizs erystal with
rizid cations is polarized, is

fo= e+ G 8 — pa 0
wiere /U'e is the moment due to tue imnediate polarizatior; ol the electiron
grells. by the elcctric field,

Tt can be shovn in the case of' large caiions that their deformation

" cannot be disregardsd; Lng\',' concidering the direction of displacemnent of
tue cabion's shellg wien they are bednd distorted, we are satisfied that
the directions of tue wom:nts /‘a and ///-ai coincide hence and the resultbing
moment is ‘
poo et 8 T e F phe
Multiplying both sides of (5) by Ny - namsly the number of elementary

m
polynedra per unit volnke - and sebting J.-:P-—-— 1, we obtain from (5)

/ﬁ.—./@c +/:?1=/<9e +B (1 = 4), . (6)
where ,8 is total polarizubility per unit volume; the quantity characterizes
the influence of the supplementary moments which are due to the deformation
of the electron shells; in the absencs of deformation or when /uc = /u @

wa have Z = 0, We can also write
Z ; Zu - Z c )

_ lal
o = ,Et’“:-p an o
Already the establisiment of relations (6) and (7) makes it possible-

where

to.malce.. certain prelictions.. Tt s naturall to-consider: that large - anions-
are deformedmore stiongly than.xsmallﬂon'as.;;thus*fon halidés with' the same:
I-igid.cationx»(Lg‘,,Na'f }4, Lhe quantity’ Z mus bt increase as one-meves ik

the. series . from Li{Na)P tooLL(Na) L.

8=
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Particularly small values of Z mst qarrespond to combinations of
email anion F™ with large cations K *, Ro¥,” Cs* in consequence of total

or substantial partial compensation of the moments /la'and /‘c .

2, Calculation of the ngounter-Moment® for Alkali Halide Crystals

The. coefficient of quasieelastic force f gorresponding to polartzatiom
of the elementary polyhedron " can be calculated from the bulk modulns E,
if one knows parameter S; which indicates the influence of repulsioa of

similar chapges under all-sided compression, We have (see [37)

/ = 31 *r.% '

In the "point scheme" of polarization, whick does not consider ion

deformation, the polarizability of ‘the elementary polydedron is
T .

% .
&, = ]

/[

$>Nd (1+53)
Boi = 3P n EyHetMa)’

- wihere d is crystal dencitys N is Avogadro!s number; Mc and Ma are atamie

consequently,

. weights of cation and anion.. Frou (6) it follows that
= TR -
7 =1,-17 =1 %;
In calculating the ionic polarizability /Q 4 we used the well knawn,

relation from Lorentz! theory of polarizing fields.
: 3 rEa—l €. —d
=77 (Brz — =72+
' The original data and the results of calculations are presented in

Table 1.

3, Consideration of the Results Obtained

Figure } gives the relation between ,501 ("polarizabilit- by geometric

displacesent!) and bthe anion radius f%‘
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In e lithima halini'ls ceries /Joj increasacs noticeaﬁly-\"'ibll increasing
anion radius; tids effectxsue Lo “+the decrease of interactiontorees and the
increase of dislance between it and larze halide ions as a result of anion
repuleion (for LiF we have §| = 0,155 for Lil, 0.64).

In the cate of sodium and 1;bt.as:;iu;ln bhalides /Qoi praciica.ll;.' does not.
depend on anion uiscussions, whilz for rubidi"{zm halides a weak dependence
( ~104) is observed (Note: The point corresponiing to RbBr clearly lies
outsi.de thie curve; l.ter calculations Like the "compensated" quantity
ﬁo_:z,o‘.m, Z = 0.k7).

Let us pass to the quantity Z Au 3s evl/‘.ewt from Firurc 1, the mini-
mun value of Z correspunds Lo the wsally polarized ion F —; the maxi-
mum corresponds to the lsrge icdine ion 1” (see the tahle of polarizability
Table 2). In tie Sluoridc ceries L{i‘x,\;l),s L times in the transition from
NaF tb RbPF, which is-completely and naturally explained by the compensation.
of ‘momenta /,U_'q_ and- /Lc for the interaction of small anion with large
cation. , -

In graphically representing parameter Z characterizing the deviation
of polarizability from the classical’ point scheme, we employ the polarizability
of anion X 5 as the independent variable (Note: Here and later we are guided
by the simple idea of a relatiop betwecn ion-deformabiliﬁy and polarizabilitys;
however, we should not expcct ions of sharply varying types, though possessing’
equal polarizability, necessarily to have equal capacity for deformation;
quantitﬁive correspondence probably exists for similar ions; for example ’ i
in the anion rerids F~ to [ = or the cation'series Li* to bt ). »

Figures 5 and' 6 show the curves Z = 1‘(6(_,.,_) for halides of Li and Na,,
K and Kbj they appear as smooth’ convex curves monotoni.cally rvisi‘ng' with. ]

increase of X g .
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It is natural to ask how,for high Xz 's (large anions), Li? creates. i
anions: larger "deformation moment:" than does Na®'. IFrom the point of view. ?
of primitive peometrical representation it would seem that moving cationg
of larﬁer size must create also yreater deformation.

- TFor an explanation of tic nature of the thing let us turn our atleniion
to the nonequality of conditidn in the case of smull and large ions; actually
“the charge density in the centact zone is directly dependent on the mapnitude
of forces comprussing the ions, i.e. counlomb forces; therefore vnder any
equal conditicn: the greater the :cuent /"a or' the Quantity Z;:;, the

:

2
' greater the coulomb force ——— , wlere g is the distance between centers

rnr
of neighboring unlike ions.
As.a.rough approximation we can attempt to study this effect, by mak-
ing the moments /li,c and }L g (dr, correspondingly, -Zc and Z e ) pro-
portional to the coulomb force;  then, reducing the quan].ity;r- to the stan~
{ .
dard coulomb force vhich characterizes, according to our. selection, the:
LiF crystal, we have
v 2
' = w=rrFT (13)
NN | |
Figure 7 shows that in the absence of moment /L,Lg_or the prosence of!
only an insignificant quantity (Li* and N&" being extremely weakly poliriced).
e 2 1 <
The "reduced" quantity Z = Za is a linear funclion of polarizability. gz,
Here, as wight be expected, the larger caticn Na+ creates a greater effect,,
\.
than Li™T .
1et us now consider in somewhat greater detail how cation .deformation..
influencas the quantity Z . Since according to (5) the .value is .
. 4 _— I3 . :
Y Ny | -
4 R
i.e,, relative to umit displacement, then it ds .necessary in .comparing:the

cases /{Lf‘-o‘and- /Lc;éo to make-the displacemqntlzg the same in both'icases.

~ 0 -
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The displacement E is composed of the deformations of anion and vabiony
bhus, )

g, = §—8.) (15)
consequently .Za, also will te less than when E¢ = 0,. The quantity Z == Z; §C
dec;‘e;\ses on account of the appearance or increase of the term Zc and as
a result of the decrease of Ea and Za_. .

In.the transition to larger anions with greater polarizability, the
fraction of calion defermadian Ec and the component Zc related to it drops
siarply; as a result a convex crrve instead of the linear relation |
is obtained as Lhe ciarcleri:lic for K und Kb halides (Figure 8).

Tn passing we nate Lat ween Z /,‘;-f[o(a)the curves form a normal
succession: larger calions crcale larper moirents in the anion.

In conclusion I thank irof. fa. I. Frenkel! for 1:is asgistance in this

work.
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yuteraction of "closed" electron ehells. -
1 - echemetized real pleture of 1nt¢rac'uion.

Schemee of
a - gehieme of Mott-Pouliny;

Fig. 1.
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Mat- ;
ter ‘ Eoo : EO
LiF..! 9,2 11.88b
1161,111.05 |2.86
LiBr.|12.1 13.07
LiI .|11.83 8.6
NaP .} 4.9 il.éww
WeCl.! 8,77 |u.oiv
Halr, 5,99 . 2,060
wal,.. G.80 8,05
KP...e B8.09 1,800
KCl.., 4.76 2,108
Kir,, .78 £,80%
I, e bo04
RbF, .
RLCL.
Rubr. R
1,81 2,574

Rbl...
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Table 1

Eye. B
Y011 irj.108,

tdype 9/’ en
cm e
[
]
|

6.80 | 2.01 ‘1.15 ;2,295 0,120
£,80 2,57 ' 42,40 ;1.34 | £,068 [0,0977
o8 2,74 | 86.80 11,42 ‘35,464 |0.0906
1.66  3.00 1188.86 |1.64 4,061 |0.0733
G075 20811 42,00 1,07 2,78 | 0.0833
Coht w. 81 B5,46 11,16 2,168 ‘o.ovao
o6 2.¢7 102.92 -1.19 5,206 |0,0660
Tedd SovE 199480 1,28 8,687 10,0860
5.l et bBJLO L1027 2,48 10,0978
| P .04 Freol 1,07 1,968 !0,0657
Leld o G.29 el Ll 2,78 10,0887
1.37 .56 1.5.0n 1.100 8,128 10,0510
e o Er 1,%.456 1,06 3,62 0,0918
Tt .07 100,91 01,06 2,76  0.0719
1.26  &.47 165,57 1,07 '8.85 .0.0677
1.056 $.60 212,37 .1.10 3,66 ,0,0513
. i
Table £
— = e gt
24 | ] 24
Mg« 20°° ¢ | &, - 10
Lt 0.03 e 0,96
Nat 0.19 c1- 3.6
K++ 0.89 Br~ 5.0
Rb 1,5 1~ 7.6
cet 2.6
-END -
...13 [ -
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Mg

o~

0,172 |0,300
0.205 10,520
L0.217 {0,584
1 0,245

0.150 |0.411
10,180 {0,511
0,147 {0,550
L, 0.1560 ,u 615
G121 10.188
ju.ile w."l-,‘.u
L0.105 G0,L06
10,118 (6,571
10,100 4.07B
10,108 C,obd
0.116 ;0,602
{0,111 0,538
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